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Abstract 
 
 
The effects of the sulphurization annealing time on the morphological, chemical, structural and electrical 
properties of CZTS thin films were investigated by scanning electron microscopy, X-ray energy dispersive 
spectroscopy, Hall effect and electrical conductivity measurements in samples annealed during different 
time intervals. The increase of the annealing time was found to improve the chemical composition of the 
samples and to, slightly, increase the crystallite size. Small amounts of Na were measured in the samples. 
However, the concentration of Na does not increase significantly with the annealing time and should not 
modify the characteristics of the CZTS thin films. It was also found that at high temperature the electrical 
conductivity is dominated by thermal emission of carriers over the inter-grain potential barriers. As the 
temperature decreases different hopping conduction mechanisms start to dominate. At first with 
nearest-neighbour hopping and successively changing to variable range hopping conduction with a 
crossover from Mott and Efros–Shklovskii behavior. The electrical conductivity, the concentration of free 
holes, acceptors and donors, traps0 density at the grain boundaries and the grain potential barriers height 
were found to increase with the annealing time. However, a significant drop in the compensation ratio 
from 0.8 to 0.5 was also detected. 
 
 
 
 
1. Introduction 
 
Cu2ZnSn(S, Se)4 (CZTSSe) semiconductor compound, is a potential 
candidate to replace Cu(In,Ga)Se2 (CIGS) as absorber layer in thin 
film solar cells due in part to its similar physical properties and in 
other part due to the similarity in the fabrication techniques and 
solar cell stack [1–5]. In addition, this compound is constituted by 
inexpensive, earth abundant and non-toxic elements, which opens 
the possibility of industrial production levels in the range of TW [6]. 
A recent report of power conversion efficiency exceeding 10% in 
CZTSSe-based solar cells [7] has increased the interest in this 
material system and the record stands now at 11.1% [8]. Despite 
these recent developments, the best conversion efficiency attained 
so far in pure sulfur CZTS-based solar cell is 8.4% [9]. Chen et al. [10] 
have suggested that such a low photovoltaic efficiency could be 
related to difficulties in the synthesis of high quality CZTS absorber 
 
 
 
 
layers, since the formation of stoichiometric CZTS has a very narrow 
chemical potential window. These synthesis problems are more 
evident considering that the best solar cells are attained using non- 
stoichiometric absorber layers with compositions poor in Cu [11], 
i.e. a value of [Cu]/([Zn]þ[Sn]) o 1, and rich in Zn, i.e. [Zn]/[Sn]41. 
Todorov et al. [12] have also pointed out that the electrical 
resistivity of the CZTS could be a limiting factor of the low efficiency 
of those cells. The properties of the grain boundaries and the 
passivation of the grain boundaries by high density of acceptors 
have been proved to play an important role in the high conversion 
efficiency of CIGS-based solar cells [13–15]. Nonetheless, the nature 
of the electrical conduction mechanisms, the density of acceptors 
and donors impurities and the role of the grain boundaries have not 
been studied in enough detail in polycrystalline CZTS thin films and 
solar cells [3,4,16–20]. The understanding of these properties is of 
absolute importance for the optimization of the material and also of 
the structure of the solar cell devices. 
In this work, a study of the direct current (DC) electrical 
transport properties of CZTS thin layers grown by sequential 
deposition of metallic precursors, followed by thermal annealing 
 
  
 
in sulfur atmosphere during different time intervals, is presented. 
Firstly, a morphological, chemical and structural study of the CZTS 
layers will be presented in order to have a large picture of the 
effects of the annealing time over the physical properties of such 
material. Secondly, a wavelength dispersive X-ray spectroscopy 
study of the limited diffusion of Na into the CZTS films will be 
presented. Finally, the investigation of the electrical transport 
properties of the CZTS layers as a function of temperature will 
be presented. In  addition the  influence of the sulphurization 
annealing time over several parameters will also be discussed. 
 
 
2. Materials and methods 
 
2.1. Sample preparation 
 
CZTS thin films were grown following the procedure reported 
elsewhere [3,4,18,19]. Soda lime glass (SGL) substrates of 3 x 3 cm2 
were sequentially cleaned in ultrasound baths of acetone, ethanol 
and deionized water (DI), and subsequently dried with a N2 flow. 
Next, thin metallic layers of Zn, Sn and Cu were sequentially 
deposited over the SLG substrate by dc-magnetron sputtering. All 
depositions were done in Ar atmosphere at an operating pressure 
of 2 x 10- 3 mbar. Power densities of 0.16, 0.36 and 0.11 Wcm- 2 
were used for Cu, Zn and Sn deposition, respectively. The distance 
between the target and the samples was kept at 8 cm. The purity 
of the targets was 5 N for Cu and 4 N for both Zn and Sn. After the 
deposition of the metallic thin layers, the samples were annealed 
in a tubular furnace under a sulfur atmosphere. Sulfur was 
evaporated from 5 N purity pellets at 130 1C in a temperature 
controlled quartz tube source. Dry N2 at a constant 5 mbar 
pressure and a flow rate of 40 ml/min was used as a carrier gas. 
The furnace temperature was increased at constant rate of 10 1C/min 
until 520 1C. The temperatures were kept constant at 520 1C during 
the annealing time, and then the furnace was left to cool down 
naturally. Three different samples A10, A30 and A90 were prepared 
with annealing times of 10 min, 30 min and 90 min, respectively. 
After the thermal annealing, unwanted Cu2 - xS phases that are 
formed during the CZTS crystallization process were removed by a 
wet etching in a KCN solution at 10% w/w, followed by cleaning in 
a solution of ethanol/DI water at 50% vol/vol and finally rinsed 
with DI water. Each step had duration of 2 min. Finally, all samples 
were dried with a N2 gas flux. 
In  other  to  carry  out  accurate  electrical  transport  measure- 
ments and to avoid any possible influence of the MoSx layer 
formed at the Mo/CZTS interface [18], the thin films studied were 
deposited on bare SLG substrates. However, as will be shown the 
physical and chemical properties of these films are not signifi- 
cantly changed by the lack of the Mo layer. 
 
2.2. Sample  characterization 
 
The morphology and chemical composition of the samples was 
studied by using scanning electron microscopy (SEM – Hitachi 
S4100 SEMs) and  X-ray energy dispersive spectroscopy (EDS). 
X-ray wavelength dispersive spectroscopy (WDS) was used to study 
the incorporation of sodium (Na) from the SLG substrates into the 
CZTS thin films. X-ray diffraction (XRD – PHILIPS PW 3710 systems) 
was used for the structural characterization and the identification of 
the crystallographic phases present in the samples. 
The electrical measurements in the present study are based on 
DC in-plane transport probing a large number of grains and grain 
boundaries. The electrical transport properties of the samples 
were studied by  carrying out DC Hall effect measurements  at 
room temperature, and electrical resistivity measurements, in 
darkness, as a function of temperature in the range of 10–310 K. 
For these measurements, four square gold contacts of 1 mm2 size 
were deposited at the corners of 6 x 6 mm2 CZTS thin films 
samples. The measurements were carried out by the Van der 
Pauw method. The samples were mounted in an Oxford Instru- 
ment Spectrostats  static continuous flow cryostat CF104s, espe- 
cially modified for very low noise electrical measurements. The 
cryostat was controlled by an Oxford Instrument ITC503s tem- 
perature controller. The electrical measurements were done with a 
homemade low noise setup. 
 
 
3. Results and discussion 
 
3.1. Morphological  characterization 
 
Fig. 1 shows the surface of the CZTS thin films as measured by 
SEM. The samples are polycrystalline with a very similar morphol- 
ogy and a few voids, caused by the KCN etching. The average grain 
size, s, and grain size dispersion, Δs, reported here as (s 7 Δs) was 
determined from several SEM images as (0.3670.24) μm, 
(0.4370.21) μm, and (0.4470.22) μm for samples A10, A30 and 
A90, respectively. A small increase in the average grain size with 
the annealing time can be observed. However, the grain size 
dispersion remains approximately constant indicating an improve- 
ment of the grain size homogeneity (Δs/s) with the annealing time. 
 
 
3.2. Chemical composition 
 
The chemical composition of the samples was analyzed by EDS. 
The electron beam energy used in the EDS experiments was of 
25 keV, meaning that the X-ray generation range in CZTS is larger 
than 1.8 μm and covers the whole thickness of the CZTS thin films 
( 1.6 μm). A summary of the EDS analysis is shown in Table 1, 
presenting the elemental atomic percentage and composition 
ratios. All samples are off-stoichiometry, with low concentration 
of Cu, as intended. The increase in the annealing time slightly 
improves the stoichiometry of the samples by increasing the 
composition of Cu and by reducing the composition of Zn. 
 
 
Fig. 1. SEM image of the surface of the CZTS samples A10, A30 and A90. 
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Table 1 
Atomic percentage (at%) and composition ratios ([x]/[y]) for metallic elements as measured by EDS. 
 
Sample 
 
Cu(%) 
 
Zn(%) 
 
Sn(%) 
 
[Cu]/([Zn] þ[Sn]) 
 
[Zn]/[Sn] 
 
[Cu]/[Zn] 
 
[Cu]/[Sn] 
 
[S]/([Cu] þ[Zn] þ[Sn]) 
A10 2273 1873 1172 0.870.2 1.670.6 1.270.3 2.070.6 1.0 70.3 
A30 2373 1272 1372 0.970.3 0.970.3 1.970.6 1.870.5 1.0 70.3 
A90 2473 1372 1272 0.970.3 1.170.3 1.870.5 2.070.6 1.0 70.3 
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Fig. 2.  WDS spectra of the Na Kα1,2 and Zn Lβ1 lines for the CZTS samples A10, A30 
and A90. 
 
 
The incorporation of significant amounts of Na is known to 
modify the morphological and electrical properties of CZTS thin 
films [21–23]. The Na diffusion from the SLG substrate into the 
CZTS thin film could be enhanced by the increase in the annealing 
time of the sample, and consequently, also be responsible for 
modifications of the electrical properties of the films. The presence 
of Na cannot be detected by EDS, due to the limited energy 
resolution of this technique that results in the overlapping of the 
Na K lines and the strong Zn L lines. However, by using WDS it is 
possible to resolve these lines. Fig. 2 shows the WDS spectra of Na 
Kα1,2 and Zn Lβ1 lines for the three samples studied here. The 
spectra have been normalized in order to clearly show that the 
amount of Na is not increasing with the annealing time. We 
estimated the amount of Na around 0.08 at% in these samples. 
For similar CZTS thin films, but deposited on Mo covered SLG 
substrates, we have found similar amounts of Na with values 
between 0.08 at% and 0.12 at%. The electron beam energy used in 
the WDS experiments was of 10 keV, meaning that the X-ray 
generation range in CZTS is shorter than thickness of the CZTS thin 
films, in order to avoid the excitation of the Na atoms in the SLG 
substrate. Until the present date there are no studies about the 
optimum amount of Na for CZTS-based solar cells. However, since 
CIGS and CZTS appear to share some properties, it is important to 
point out that for CIGS-based solar cells 0.1 at% of Na has been 
found to optimize the performance of the cells [24–27]. Therefore, 
we understand that the properties of the CZTS samples of this 
study are comparable to properties of CZTS grown on Mo. 
 
3.3. Structural characterization 
 
The structural analysis and the phase identification were 
carried out by XRD. Fig. 3 shows the XRD diffractograms of the 
samples. The samples were found to be made of polycrystalline 
CZTS. The average crystallites size was calculated from the full 
width at half maximum (FWHM) of the XRD peaks, according to 
Scherrer´s equation [28]. The FWHM of the (112) peaks were 
2(degree) 
Fig. 3. XRD difractograms of the CZTS samples A10, A30 and A90. The CZTS peaks 
have been identified by their orientation plane assignments. 
 
 
 
Table 2 
Results of the Hall effect measurements at 300 K. 
 
 
Sample ρ (Ω cm) pHall (10
17 cm- 3) μHall (cm
2/V s) 
A10 25.1 1.0 2.5 
A30 19.4 1.5 2.1 
A90 3.9 27.8 0.58 
 
 
 
 
determined as 0.1851, 0.1801 and 0.1761 for samples A10, A30 and 
A90, respectively. In order to determine the crystallite size, 
instrument´s peak broadening of 0.1481 was used. The crystallite 
sizes were found to slightly increase with the annealing time, with 
values of 120 nm for sample A10, 130 nm  of  sample  A30  and 
140 nm for sample A90. Since the mean grain size found in the 
SEM studies is several times larger than the average crystallite 
sizes we believe that the grains observed by SEM actually contain 
more than one crystallite. 
 
 
3.4. Electrical characterization 
 
Hall effect measurements were carried out at near room 
temperature. However, due to the low values of the Hall mobility 
and high values of Hall carriers0 concentration it was not possible 
to obtain reproducible values of these parameters for lower 
temperatures. The measured values of the Hall mobility and 
concentration of carriers are summarized in Table 2. All measured 
samples were found to exhibit p-type conductivity. A clear 
increase of the Hall concentration, pHall, was observed as the 
annealing time increases. However, the Hall mobility, μHall, 
decreased with the annealing time. 
The temperature dependence of the electrical resistivity, ρ(T), 
of the samples is shown in Fig. 4. Two regimes are observed in 
Zn L
A10 
A30 
A90 
Na K1,2 
N
o
rm
a
liz
e
d
 c
o
u
n
ts
 
In
te
n
s
it
y
 (
a
rb
.u
n
it
s
) 
(1
0
1
) 
(1
1
0
) 
(1
1
2
) 
(2
0
0
) 
(2
0
4
)/
(2
2
0
) 
(3
1
2
)/
(1
1
6
) 
(4
0
0
)/
(0
0
8
) 
(3
3
2
) 
(4
2
4
) 
  
TE 0     ffi
T 
t 
A 
A 
 
 
300 
 
80  60 50 
T(K) 
40 30 
Table 3 
Parameters of the thermionic emission and NNH conduction in the samples. 
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Tables 2 and 3 show a decrease of the resistivity and hole 
mobility as the annealing time increases, while holes0 concentra- 
tion, the density of acceptors and traps0 density at the grain 
boundaries increase. The reduction of the hole mobility is asso- 
ciated with the increase of the GPB height. A similar increase in 
the GPB with the annealing time was observed in CZTS polycrys- 
talline thin films by Kosyak et al. [34]. 
At lower temperatures the resistivity data can be explained in 
terms of variable-range hopping conduction (VRH). VRH was 
originally developed by Mott [35], pointing out that the energy 
difference ΔE  between the initial and final sites involved in the 
hopping is related to the hopping distance r as ΔE     1/N0(EF)r
3, if 
Fig. 4. Temperature dependence of the electrical resistivity of the CZTS samples 
A10, A30 and A90. The solid lines are the fitting of the experimental data using 
Eqs. (1) (TE), (3) (NNH), (5) (Mott-VRH) and (9) (ES-VRH) (For interpretation of the 
references to color in the text, the reader is referred to the web version of this 
article). 
there is a constant density of states (DOS), N0(EF), near the Fermi 
level. The resistivity of the Mott VRH conduction mechanism is 
given by [35] 
h 
1=4 
i
 
ρM ðT Þ¼ ρ0MT 
1=2 exp 
(
TM =T 
)
 ð5Þ 
those curves. At high temperatures, ρ(T) exhibits an Arrhenius like 
behavior, while notably deviates from it at lower temperatures. 
 
where ρ0M 
 
is a pre-exponential factor and TM 
 
measures the degree 
At high temperatures the electrical conduction of polycrystal- 
line thin films is dominated by thermionic emission of carriers 
over the inter-grain potential barriers (GPB) [19]. The temperature 
dependence of the electrical resistivity of the p-type polycrystal- 
line thin film can then be expressed as [29] 
ρ ðT Þ¼ ρ 
p ffiffi
expðϕ=kBT Þ ð1Þ 
where ρ0 is a constant, kB is Boltzmann´s constant and the 
exponential factor describes the thermal activation of carriers0 
mobility flowing over the GPB with height ϕ. The GPB height can 
be related to the doping level p, the dielectric permittivity ε [30], 
of disorder in the film. The characteristic temperature TM  is given 
by 
TM ¼ α=
(
kBN0 ðEF Þξ
3 
) 
ð6Þ 
where the constant α¼ 18.1, and ξ is the localization length, which 
characterizes the hopping probability between both sites. 
In disordered or highly compensated materials the transition 
from NNH conduction to Mott-VRH conduction occurs at a critical 
temperature TCM. This critical temperature was theoretically 
described by Shklovskii [36] for samples with compensation ratios 
k larger than 0.5 as 
and traps0 density Nt at the grain boundary according to [31] TCM ¼ 
(
e2 N 
2=3 
A ξ  =ð4πεkB Þ ð7Þ 
ϕ ¼ 
(
e2 N2   =ð8εpÞ ð2Þ Furthermore, the compensation ratio, for k 40.5, can be calculated 
from 
However, as temperature decreases, holes do not have sufficient 
thermal energy to be excited from the acceptor levels to the 
[36] 
k ¼ ND =NA ¼ 1 -
(
N0 EF e
2 =2ε
)
 
 
3=4 (
1=N  
)1=2 
ð8Þ 
valence band [32] and the conduction in the valence band 
becomes less important. In this case, holes can hop between 
nearest-neighbour acceptors in the impurity band. The Nearest- 
Neighbour hopping conduction (NNH) becomes the main conduc- 
tion mechanism [32,33]. The resistivity of NNH is given by [32] 
ρNNH ðT Þ¼ ρ1 expðENNH =kBT Þ ð3Þ 
ENNH ¼ 
(
0:99 e2 N1=3  =ð4πεÞ ð4Þ 
The T1/4 Mott0s Law has been observed in various classes of 
doped semiconductors. Nevertheless, a large  body  of literature 
reported T1/2 at low temperatures instead of Mott0 s. Efros and 
Shklovskii [36] argued that at low temperatures the Coulomb 
interaction would open a soft gap Δ in the DOS. Therefore, if the 
temperature decreases below a crossover  value  TC  such  that 
kBTC oΔ, the Coulomb effect becomes dominant and the conductivity 
crosses over from Mott-VRH to ES-VRH regime. The resistivity in the 
ES-VRH regime is given by 
where ρ1  is a constant, NA  is the concentration of acceptors and 
ENNH is the activation energy for hole hopping. 
ρES ðT Þ¼  ρ0EST exp 
((
TES =T
)
 1=2 
 
 
ð9Þ 
Both conduction mechanisms, thermionic emission and NNH, 
are present in the high temperature range of the data (T≳90 K, 
1000/T≲11.11 K- 1). Therefore, it is possible to extract some of the 
above mentioned parameters by fitting of the resistivity data with 
ρ(T)¼ ρTE(T)ρNNH(T)/[ρTE(T) þρNNH(T)]. The fitting of this expression 
for each sample is shown, by solid red lines, in Fig. 4. These 
mechanisms explain well our high temperature data. The results of 
the fittings are shown in Table 3. 
TES ¼ 
(
βe2 
)
=ðεkB ξÞ ð10Þ 
where β¼ 2.8 and the pre-exponential factor ρ0ES is a proportionality 
constant. 
The characteristic temperatures TM and TES can be obtained by 
fitting the resistivity data with Eqs. (5) and (9). The hopping 
parameters, as well as the compensation ratio, can then be 
obtained  from  Eqs.  (6)–(10).  Fig.  5  shows  the  fitting  of  the 
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resistivity data using Eqs. (5) and (9). The values of the hopping 
parameters, the compensation ratio, the crossover TC and critical 
TCM  temperatures are reported in Table 4. 
Table 4 shows a significant decrease of the compensation ratio 
for the sample with the longest annealing time, A90. However, the 
compensation ratio is still high for these samples. Acceptors0 and 
donors0 concentration also increased with the annealing time. The 
large compensation ratio, as well as the elevated concentration of 
donors and acceptors, leads to an enhancement of the disorder in 
the samples [37]. Previous photoluminescence and photoconduc- 
tivity studies [3,4,19] revealed that these characteristics produce 
local potential fluctuations in CZTS thin films. 
It is now important to discuss the possible role of the Na 
incorporation in the samples as the annealing time increases, since 
Na might have an important role in the electronic behavior of the 
material. As mentioned before, the intentional addition of Na 
during the CZTS deposition increases: the grain size [22,23], free 
carriers0 concentration and the electrical conductivity [23]. The 
effects of the incorporation of Na on the electrical properties of 
CZTS are similar to the case of CIGS, with an increase in free 
carriers0 concentration due to a lower number of compensating 
donors [38]. The addition of Na is also known to enhance the cells 
performance by improving the open-circuit voltage, fill factor, 
short-circuit current and efficiency of the cells [24,39]. However, 
the Na dose must be optimized, because an excessive or insuffi- 
cient doping produces a detrimental effect on the cell performance 
[40,41]. A recent report [23] showed that the Na diffusion  into 
CZTS depends of the Mo layer deposition conditions and that the 
Na concentration in CZTS layers deposited on Mo covered SLG 
substrates can be as large as in the case of CZTS layers deposited 
directly on SLG substrates. 
The samples studied here present a similar Na concentration to 
that of CZTS thin film deposited on Mo-covered SLG substrates, 
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Fig. 5. Temperature dependence of the resistivity of the CZTS samples A10, A30 
and A90, in the Mott-VRH and ES-VRH regimes. The solid lines in (a) and (b) 
correspond to the linear fitting with Eqs. (5) and (9), respectively. 
and it does not increase with the annealing time. However, free 
holes0 concentration, acceptors0 concentration and the electrical 
conductivity increase with annealing time. The compensation ratio 
in the samples is high, but decreases significantly for the sample 
with the longest annealing time. All of these mentioned charac- 
teristics could be associated with the incorporation of Na into the 
CZTS thin films. However, donors0 concentration increases, in 
contradiction with the expected effects of significant Na incorpora- 
tion in CZTS. The crystallites and grain sizes measured by XRD and 
SEM suffer just a slight increase, likewise in opposition to the 
expectation from a significant incorporation of Na into the films. 
Therefore, as far as our experimental data indicates, the Na 
concentration in the samples is low and similar to the concentra- 
tion found in CZTS films deposited on Mo-covered SLG substrates. 
It is our interpretation that the observed changes in the morpho- 
logical and electrical characteristics of the samples are actually due 
to effects connected with the increase of the annealing time and 
not to the ones related to the incorporation of Na in the samples. 
These results strongly support the idea that electrical transport 
measurements in CZTS thin films grown on SLG are a valuable 
method to study the electrical properties and parameters of the 
actual CZTS absorber layers of the solar cells deposited on Mo- 
covered SLG substrates. 
In a recent work [20], we studied the effects of the sulphuriza- 
tion time on the alternated current (ac) electrical properties of 
CZTS solar cells by admittance spectroscopy. The study shows a 
deterioration of the main parameters of the cell (open-circuit 
voltage, saturation current, fill factor and efficiency) with the 
increase of the sulphurization time. However, other parameters 
such as the serial and shunt resistances remain constant or 
actually decrease. The concentration of majority carrier was also 
found to decrease. The apparent contradiction with the results of 
this work has to be explained in the light of the fact that we are 
comparing two very different techniques. Admittance spectro- 
scopy is a technique that mostly measures transport in the vertical 
direction of the solar cell stack and probes a few grains and grain 
boundaries, while the electrical measurements in the present 
study are based on DC in-plane transport probing a large number 
of grains and grain boundaries. 
This antagonist behavior between AC/DC measurements can 
also relay on the differences that the samples present, when 
comparing the sets of samples grown with and without the Mo 
back contact. In addition, the absorber layer electronic properties 
are influenced by the presence of the other layers that composes 
the solar cell structure. In particular, the conjugated influence of 
the CdS buffer layer, which forms the p–n heterojunction with the 
CZTS and the MoS2 layer, which in turn forms an inverted diode 
with the CZTS, are not entire understood and need further 
research work clarify these behaviors and to allow a direct 
comparison between AC and DC analysis. 
The variation of the chemical composition of the samples could 
be responsible for the changes observed in the electrical proper- 
ties. It should be noted that our samples are poor in Cu and rich in 
Zn, particularly sample A10. Copper vacancies form shallow 
acceptors [42]. On the other hand Zn related point defects, such 
as interstitial Zn and ZnCu anti-sites, form donor defects [42]. 
 
 
Table 4 
Parameters of the Mott- and ES-VRH conduction. 
 
 
Sample ρ0M (Ω cm K
- 1/2
) ρ0ES (Ω cm K
- 1
) 
 
TM (K) 
 
TES (K) 
 
TC (K) 
 
TCM (K) 
 
k ND  (10
15 cm- 3) 
A10 213.1 201.7 13,086 252.3 34 68 0.82 4.4 
A30 104.0 141.2 19,107 263.3 36 108 0.80 18.1 
A90 34.0 86.4 15,904 148.6 27 99 0.51 20.2 
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These defects could be responsible for the high doping levels and 
large degree of compensation in the samples, particularly in 
sample A10. The increase of the sulphurization time improves 
the stoichiometry of the samples, probably reducing the Zn related 
point defects and explaining the decrease in the compensation of 
the samples. However, it is very difficult to establish a direct 
relationship between chemical and electrical properties in poly- 
crystalline thin films due to the complexity of the electrical 
transport mechanism in those films. 
 
4. Conclusions 
 
The morphology, chemical composition and electrical conduc- 
tivity properties of polycrystalline CZTS thin films sulphurized 
during different periods of time were investigated. The increase of 
the sulphurization annealing time was found to increase slightly 
the average grain and crystallite size of the polycrystalline CZTS 
thin films. The thin films were found to be off-stoichiometry, that 
is, poor in Cu and rich in Zn. The concentration of Na in the 
samples was found to be approximately 0.08 at% and independent 
of the annealing time. The analysis of Hall effect and electrical 
resistivity measurements show that the CZTS thin films are p-type 
and highly doped. It was found that at temperatures higher than 
approximately 90 K the electrical conductivity of the samples is 
dominated by thermoionic emission and nearest-neighbour hop- 
ping conduction. However, at lower temperatures both, Mott- and 
ES-VRH were observed. A crossover from Mott- to ES-VRH regime 
was determined at approximately 30 K. The analysis of the 
electrical transport shows that an increase on the annealing time 
increases free holes0 concentration in the samples as well as the 
concentration of acceptors and donors. The compensation ratio 
decreases from approximately 0.8 for the samples annealed 
between 10 and 30 min, to 0.5 for the sample annealed during 
90 min. An increase of traps0 density at the grain boundaries and 
the GPB height, that produces a drop in the free hole mobility, was 
also observed. The observed changes in the morphological and 
electrical characteristics of the samples were found to be actually 
due to the increase of the annealing time and not to the 
incorporation of sodium in the samples. These results could 
contribute for a better optimization of not only the CZTS absorber 
layer, but also for the choice of the materials used in the solar 
cell stack. 
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